S urvival after neonatal cardiac surgery has improved over the past decades to >90% because of major advances in surgical techniques and perioperative management. However, it has also become evident that neurodevelopment is impaired in approximately one third of children who underwent surgery at a neonatal age.
Methods
All neonates presenting for aortic arch reconstruction between January 2009 and May 2012 were assessed for enrollment in the present study. Exclusion criteria were (1) age >4 months; (2) high suspicion of a genetic syndrome; (3) need for sedation and intubation exclusively for the preoperative MRI; or (4) an expected time needed for aortic arch reconstruction of >60 minutes. Written informed consent was obtained from both parents of all included patients. The present study protocol was approved by the local medical ethical committee and is registered at http://www.clinicaltrials.gov, with unique identifier NCT01032876.
Once a patient was enrolled, the day before surgery, a sealed and numbered envelope was opened to reveal the allocated perfusion technique, and the surgical team was informed. The randomization was performed with sequentially numbered, opaque sealed envelopes according to a standardized protocol. 12 Block randomization was used to prevent large discrepancies in group size as the trial continued.
Aortic arch reconstruction and intracardiac repairs were performed as described in detail in the online-only Data Supplement. CPB was performed with the use of a modified alpha-stat strategy, with a target Pco 2 between 45 and 55 mm Hg. Target hematocrit was 24% to 28%, which increased to 32% to 40% at the end of CPB for univentricular repair and 28% for biventricular repair. Before initiation of DHCA or ACP, all patients were cooled to a nasopharyngeal temperature of ≈18°C. ACP was instituted either by direct advancement of the arterial cannula from the ascending aorta into the brachiocephalic artery or via a Blalock-Taussig shunt sewed to the brachiocephalic artery. ACP was set at 25% of full flow, with right radial artery pressures not exceeding 40 mm Hg. Additional CPB details are described in the online-only Data Supplement. All patients received 1 mg/kg dexamethasone intravenously before initiation of CPB. Standard anesthetic protocols during surgery included sevoflurane for induction of anesthesia, midazolam and sufentanil for continuous sedation, and pancuronium for muscle paralysis. Postoperative sedation was routinely ensured by midazolam, morphine, and clonidine.
Bilateral near-infrared spectroscopy and amplitude-integrated electroencephalography (aEEG) were used to monitor cerebral oxygen saturation and cerebral function, respectively (as described in the online-only Data Supplement). Four and 24 hours after surgery, samples were drawn for determination of s100b and neuron-specific enolase levels (see the online-only Data Supplement).
Preoperatively and postoperatively, MRI was performed on a 1.5-T scanner (Philips Medical Systems, Best, Netherlands). Details of the classifications of injury types are described in the online-only Data Supplement. As primary outcome of the trial, assessment of the presence of new postoperative cerebral injury on the MRI was performed by 2 observers blinded for perfusion technique. Both have extensive experience in neonatal cerebral imaging (L.S.d.V. and F.G.).
Initially, a classic sample size based on a χ 2 analysis between 2 groups was calculated, resulting in an anticipated number of 50 patients needing enrollment when ACP was hypothesized to reduce new cerebral injury from 75% to 35% compared with DHCA (with a 1-sided α of 5% and power of 80%). 2 However, in 2010, the local medical ethical committee granted a request to start the use of sequential analysis so as not to unnecessarily continue an already conclusive trial. From then on, results from MRI analysis (new lesions; yes or no) were forwarded to the independent biostatistician (I.v.d.T.), as soon as these were obtained or after approximately every 5 new patients, who entered the data into the sequential analysis. The study team could then be informed immediately if a boundary had been crossed, either showing that there was a clear beneficial effect of ACP compared with DHCA or that there was no difference between DHCA and ACP. Sequential analysis was performed in a triangular test with the use of PEST software (MPS Research Unit, University of Reading, Reading, England). The analysis was corrected for univentricular or biventricular repair, and an intention-to-treat principle was applied. Figure 1 depicts the sequential analysis of this trial. On the horizontal axis (v), the cumulative amount of information is represented. The vertical axis (z) shows the cumulative effect size, where a higher value corresponds to superiority of ACP compared with DHCA (ie, ACP results in lower incidence of new postoperative lesions than DHCA). Each cross represents cumulative data of groups of patients. When the test statistic based on the cumulative data crosses the upper (red) boundary, the null hypothesis of indifference is rejected. In this case, ACP would be beneficial to DHCA. When the lower (purple) boundary is crossed, the null hypothesis is accepted, therefore indicating that there is no difference between DHCA and ACP. The inner green serrated boundaries act as a continuity correction, the so-called Christmas tree correction. These boundaries are the real stopping boundaries.
Early neurodevelopment was assessed by a pediatric physiotherapist when the subject was ≈24 months of age, using the Bayley Scales of Infant and Toddler Development, version III (BSITD; San Antonio, TX).
All group characteristics are presented as median (ranges) or number of patients (percentage of group). All secondary analyses assessing differences between groups were performed with the Fisher exact test for dichotomous variables or the Mann-Whitney U test for continuous variables. SPSS version 19.0 was used (SPSS Inc, Chicago, IL).
Results
Thirty-seven patients were included in the trial and were randomized to either DHCA or ACP. Details of the inclusion process are shown in Figure 2 . Total survival to date is 35 of 37 (95%), with a median follow-up of 2.4 years (range, 0.8-4.0). One patient, originally diagnosed with a complete atrioventricular septal defect, situs inversus, and a hypoplastic aortic arch, died 6 weeks after corrective surgery because of an ongoing mitral valve insufficiency without further surgical options. The other patient had a sudden cardiac arrest after the Norwood procedure 1 week after discharge to home. Both patients were from the DHCA group. The first patient was the only case in whom a postoperative MRI scan could not be performed, resulting in 36 patients available for the primary outcome variable. However, in agreement with the intention-to treat principle, the patient was included in all other analyses. Results of sequential analysis of this trial. On the horizontal axis (v), the cumulative amount of information is represented. The vertical axis (z) shows the cumulative effect size, where a higher value corresponds to superiority of antegrade cerebral perfusion (ACP) compared with deep hypothermic circulatory arrest (DHCA) (ie, ACP results in lower incidence of new postoperative lesions than DHCA). Each cross represents cumulative data of groups of patients. If the upper (red) boundary would be crossed, this would mean that ACP is indeed beneficial compared with DHCA. If the lower (purple) boundary was crossed, this would indicate that there is no difference between DHCA and ACP. In the present trial, the last cross indicates that the lower boundary is crossed, and therefore the result is that ACP does not result in less new postoperative injury than DHCA. Note that the inner green serrated boundaries act as a continuity correction, the so-called Christmas tree correction. These boundaries are the real stopping boundaries.
Baseline clinical characteristics are shown in Table 1 . This table shows that DHCA and ACP groups were comparable, although the proportion of patients with a univentricular repair was higher in the DHCA group. Because this discrepancy was anticipated, a correction for univentricular repair was included in the sequential analysis (see Methods).
All patients except 1 underwent the allocated perfusion technique without crossovers to the other technique. This patient had been randomized to undergo the Norwood procedure with the use of DHCA. During surgery, aortic arch reconstruction was indeed completed during 35 minutes of DHCA, but soon after there appeared to be severe pulmonary valve insufficiency for which the area needed immediate revision. ACP was then instituted to avoid the risk of a very long DHCA time.
General surgical outcome for the DHCA and ACP groups is shown in Table 2 . This table shows that the postoperative course was comparable between groups.
Primary Outcome: MRI Findings
For the sequential analysis, the presence of new injury on the postoperative MRI scan was the primary outcome. Results of the analysis are depicted in Figure 1 . This figure shows that when the 36th MRI result was entered, the lower boundary was crossed, meaning that there was no difference between DHCA and ACP in terms of new postoperative cerebral injury.
Detailed analysis of preoperative and postoperative MRI scans is shown in Table 3 . Preoperative MRI was performed at a median age of 8 days (range, 4-34). In 51% of all patients, there was evidence of any kind of preoperative cerebral injury. White matter injury (WMI) was most common, affecting 49% of all patients. Three patients (8.1%) had an infarction (a cortical infarction in 1 patient and a lenticulostriate infarction in 2).
Postoperatively, MRI was performed at a median of 7 days after surgery in the DHCA group versus 6 days after ACP (P=0.41). Fourteen patients (78%) in the DHCA group had evidence of any kind of new injury versus 13 (72%) in the ACP group (P=0.66). The relative risk for new postoperative MRI injury in the ACP group was 0.86 (95% confidence interval, 0.16-4.36). When the cohort was separated into univentricular and biventricular groups, in the univentricular group, 7 of 8 DHCA patients (88%) had new MRI lesions versus 3 of 4 ACP patients (75%). In the biventricular group, 7 of 10 DHCA patients (70%) had new MRI lesions versus 10 of 14 ACP patients (71%).
Most injury was WMI, of which the severity was not different between the 2 perfusion groups (see the online-only Data Supplement for examples of new WMI). WMI showed a bilateral distribution and was present only in the frontal and medial territories. One patient in the DHCA group (the same patient in whom ACP was also used during surgery) had a large left-sided middle cerebral artery infarction. Six patients in the ACP group and all biventricular repair patients had areas of infarction involving the thalamus, basal ganglia, or internal capsule (P=0.02 between DHCA and ACP). These were restricted to the right side in 5 patients and were bilateral in 1 patient. Examples of these centrally located infarctions are shown in Figure 3 . All new lesions appeared ischemic, with increased signal intensity on inversion recovery and reduced signal intensity on T2-weighted spin echo imaging, except for 1 case with large bilateral intraventricular hemorrhages and associated hemorrhagic lesions in the periventricular white matter (this was the only patient with new abnormalities on susceptibility-weighted imaging). Nine DHCA patients (50%) and 8 ACP patients (44%) had lesions apparent on diffusion-weighted imaging that were not visible on susceptibility-weighted imaging and therefore were suggestive of ischemic injury.
Secondary Cerebral Outcome Markers
Results of other measures of cerebral injury are shown in Table 4 . These include those recorded by aEEG and near-infrared spectroscopy, which was continued for a median of 71 hours after surgery (range, 48-186). During surgery, cerebral saturation was lower in the DHCA group than in the ACP group (P<0.01). Short periods suspect for seizure activity were detected by aEEG in 3 DHCA patients and 2 ACP patients (P>0.99). After surgery, 3 patients of the whole cohort (8.3%) had clinical seizures during the postoperative hospital stay, without a difference between groups. aEEG detected additional subclinical seizures, making the total number of patients with clinical and subclinical seizures 7 of 36 (19%), with no difference between groups. The time to a normal background pattern on aEEG was longer after DHCA than ACP (median of 5.8 hours compared with 1.7 hours; P<0.01). Mean cerebral saturation as measured by near-infrared spectroscopy was not different after DHCA or ACP.
The markers of brain injury s100b and neuron-specific enolase were also similar at 4 and 24 hours after surgery.
Early Neurodevelopmental Outcome
Thus far, 23 of the 35 survivors had reached the age of 24 months and could be tested for neurodevelopment. No differences in outcome were observed between groups. Three patients developed cerebral palsy: 1 with a unilateral spastic cerebral palsy attributable to a large left-sided middle cerebral artery infarction, 1 with a unilateral spastic cerebral palsy attributable to severe bilateral WMI with involvement of the internal capsule, and 1 with bilateral spastic cerebral palsy attributable to severe bilateral WMI and a focal infarction in the right thalamus. Additional markers of motor function (motor composite scores, fine and gross motor scaled scores, and walking age) were not different between DHCA and ACP groups (P=0.98, P=0.83, P=0.83, and P=0.49, respectively). In regard to cognitive outcome, there were also no differences in composite score between the 2 groups (P=0.61). When the aforementioned analyses were repeated excluding patients with a genetic syndrome (n=3), results remained the same (motor composite score, P=0.92; cognitive composite score, P=0.55). 
Discussion
In the present randomized, controlled trial, the use of DHCA and ACP during neonatal cardiac surgery was compared with respect to cerebral injury. A number of previously performed studies formed the basis for this study. The landmark trial in which the effect of DHCA was first compared with an alternative perfusion technique was the Boston Circulatory Arrest Study. 15 Patients with transposition of the great arteries were randomized to DHCA or low-flow CPB (which also included short periods of DHCA). Although the DHCA group initially fared worse in terms of neurodevelopment, the children, who are now adolescents, subsequently failed to show any differences in a battery of elaborate neurodevelopmental tests. 1, 15 However, the original findings led to a proposed "limit" for DHCA duration (41 minutes), above which DHCA was considered to have an adverse effect on cerebral function. 16 This was confirmed in a recent study by Beca et al, 6 who showed a higher rate of postoperative WMI when DHCA was used during aortic arch repair. DHCA was compared directly with ACP in a randomized manner in 2 studies. In the first study, by Goldberg et al, 11 neonates undergoing the Norwood procedure were assigned to either DHCA or ACP. Neurodevelopment was tested at the age of 1 year, following the second stage of the Norwood procedure. Infants generally showed a substantially delayed development, without differences between DHCA and ACP. 17 The second trial, performed in adults undergoing pulmonary endarterectomy, also failed to find any difference in cognitive tests after surgery. However, both studies used neurocognitive outcome as outcome parameter, which may not be as sensitive a measure of injury as imaging techniques can be and may be influenced by adverse events or additional surgeries performed in the interim.
Therefore, we used preoperatively and postoperatively acquired MRI to assess the direct effects of DHCA versus ACP and did not find a significant difference in incidence of new cerebral injury between the 2 perfusion techniques. Three quarters of all patients developed evidence of new injury, of which WMI was most common. However, after ACP, a higher incidence of central infarctions was observed compared with DHCA. There was no difference with regard to surgical or other cerebral outcome measures such as postoperative seizure incidence, regional cerebral saturation, brain injury biomarkers, and neurodevelopment at 2 years.
Preoperatively, 50% of all patients already had evidence of cerebral injury, which is high compared with published rates in the literature (23-40%). [2] [3] [4] [5] [6] The reason for this is unknown, but the slightly later age at surgery at our center (median of 10 days) may play a role because these ages range between 4 and 7 days in the aforementioned studies. The ongoing preoperative hemodynamic insufficiency may result in a cumulative risk for more cerebral injury, as has been seen before surgery in patients with transposition of the great arteries. 18 However, the most attention should be focused on the high incidence of new postoperative injury. After both DHCA and ACP, WMI was the most common type of injury, which added to the already present WMI often observed before surgery. However, in approximately one third of the ACP population, MRI also revealed central infarctions, primarily on the right side. This phenomenon has been noted previously in the study of McQuillen et al, 4 in which patients with transposition of the great arteries or hypoplastic left heart syndrome were included, and postoperatively the infarcts were seen only in the patients with hypoplastic left heart syndrome who had undergone surgery with ACP. We hypothesize that the infarcts are directly attributable to the use of ACP because this involves selective perfusion of the right brachiocephalic artery. This may introduce microparticles or air emboli directly into the right carotid artery; these microparticles or air emboli likely travel via the middle cerebral artery to the lenticulostriate arteries perfusing the basal ganglia, thalami, and internal capsule. 19 During full-body CPB, these particles would otherwise travel to the abdominal circulation. 20 The high incidence of new WMI in our study deserves further attention (67% of the whole cohort) because this affected three quarters of all patients. Previous studies of primarily univentricular patients in whom preoperative and postoperative MRI studies were performed reported new WMI in 16% to 47% of patients. [2] [3] [4] [5] The reasons for the high incidence in the present study are not entirely clear. In regard to technical issues, MRI scanners and protocols and the timing of scanning are comparable to those of other studies. Therefore, differences in perioperative management may underlie the increased incidence of postoperative WMI. Surgical and perfusion protocols do not show a discrepancy with those published in similar studies (ie, various aspects such as cooling depth, cooling duration, ACP perfusion rate, surgery times, and surgical outcome are comparable to those used at other centers). 3, [5] [6] [7] [8] The anesthetic medication of our center is similar to that used in other studies. 3, [5] [6] [7] [8] There is an ongoing debate in regard to whether pH-stat strategy is superior to alpha-stat strategy, and, similarly, it is unclear whether a low (20%) or high (30%) hematocrit is preferable. 21 Finally, we do not know the effect of the preoperative administration of dexamethasone, which is routinely used at our institution, even though similar doses have been associated with delayed later development in premature infants with chronic lung disease. 22 It is known from studies in premature neonates that cerebral hypoperfusion, hypoxia, and inflammation are all considered to contribute to WMI. 23 In particular, because neonates with complex cardiac disease seem to have delayed cerebral development, making them susceptible to these premature types of cerebral injury, it is likely that the same causative factors play a role. 4 Similarly, previous MRI studies performed after neonatal cardiac surgery have found that lower postoperative blood pressure, regional cerebral saturation, and a preceding infection are associated with the occurrence of new lesions. 5, 8, 24 Animal models of CPB underscore this and have found that lower oxygenation and higher inflammation lead to more WMI. Hence, as proposed by Andropoulos et al, 5 a targeted protocol aiming for acceptable postoperative regional cerebral saturation values may be necessary to ensure adequate cerebral perfusion. Interventions include increasing blood pressure and actively increasing Pco 2 values (ie, to 45-55 mm Hg) because these changes have been shown to have a direct effect on cerebral saturation in the early postoperative period, and a higher Pco 2 after surgery has been associated with improved cerebral function postoperatively. 25 Indeed, when we performed an additional analysis of our cohort to assess the impact of known risk factors for WMI, lower arterial Pco 2 levels were modestly associated with an increased risk of new WMI. Although the difference between the 2 groups may seem trivial, it may indicate the "tipping point" at which WMI manifests itself. Most likely, there is a complex interplay of carbon dioxide pressure with other factors that influence cerebral perfusion and oxygenation. On the other hand, the susceptibility of oligodendrocytes, and their specific maturational subsets, will define the eventual injury. For example, males may be more predisposed to WMI, as has been seen in premature neonates. 26 This may explain why male sex shows a trend toward being more common in the group with new WMI in our study.
In general, early neurodevelopmental outcome was well within the normal range in the present cohort. However, 3 patients developed cerebral palsy. With regard to the other cerebral outcome variables, aEEG took longer to recover to a normal background pattern after DHCA compared with ACP. This was also observed in the Boston Circulatory Arrest Study, of which the underlying mechanism remains to be elucidated. 15 However, in the absence of significantly more cerebral Values are expressed as median (ranges) or number of patients (% of group). All postoperative physiological parameters were calculated over the first 48 hours postoperatively. All "lowest" values were those that were sustained for ≥10 minutes. ACP indicates antegrade cerebral perfusion; AUC, area under the curve; BP, blood pressure; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; MV, mechanical ventilation; and WMI, white matter injury.
*Before postoperative magnetic resonance imaging. †Includes all anesthesia between preoperative and postoperative magnetic resonance imaging. lesions in the DHCA group, we hypothesize that this delayed recovery is a reflection of the cerebral recovery after profound ischemia. The serological markers of brain injury s100b and neuron-specific enolase were similar between groups and in the range of those of other neonates after cardiac surgery. 27 Furthermore, surgical outcome was also comparable between the 2 groups. Sequential analysis was used to assess whether ACP could decrease the incidence of new postoperative lesions compared with DHCA. This powerful statistical tool is suitable for studies in patient groups with rare conditions, which limit the number of available patients within a certain time period. 28, 29 Particularly when the outcome parameter is available shortly after inclusion of the patient (as is the case in MRI studies), the sequential analysis of accumulating data can prevent further inclusion of individuals while results are already conclusive. In this randomized, controlled trial, the data of the 36th patient showed that the lower boundary had been crossed and that there was no clear difference between DHCA and ACP with regard to incidence of new MRI lesions. This resulted in an earlier end of the trial than if classic statistical techniques had been used (ie, 50 patients). Particularly in this specific patient group, in which there is a high burden of disease in a relatively rare population, use of these statistical techniques can help to investigate more research hypotheses in the same time frame and subsequently help to improve outcome. 30 The choice for sequential analysis, however, resulted in a relatively small group of patients, limiting definite conclusions of secondary analyses because these may be underpowered. For detailed assessment of the exact size and location of the different MRI lesions, it may have been more informative to study more patients. In addition, the results of the potential risk factors for new WMI are not conclusive, and the role of CO 2 must be confirmed. Finally, neurodevelopmental testing of the full cohort, as well as later in childhood, must be awaited to reveal the full consequences of the injury seen on MRI because the relationship between new lesions and later outcome is as yet an unresolved issue.
In summary, the results of this randomized, controlled trial between DHCA and ACP in neonates with aortic arch obstructions demonstrate that there is no significant difference between the 2 perfusion techniques with regard to new cerebral lesions as evident on MRI. ACP is no more neuroprotective than DHCA and may even lead to more focal infarcts in central regions of the brain. Furthermore, WMI remains the most common type of injury acquired perioperatively, and strict postoperative monitoring of the Pco 2 may help to reduce this burden.
CLINICAL PERSPECTIvE
As yet, it is unknown whether deep hypothermic circulatory arrest or antegrade cerebral perfusion (ACP) is the preferred perfusion technique during aortic arch reconstructions in neonates. We assessed this in a randomized, controlled trial and performed magnetic resonance imaging of the brain before and shortly after surgery in 37 neonates. We found evidence of cerebral injury in 19 of 37 neonates (51%) before surgery. After surgery, new injury was seen in 27 of 36 neonates (75%), with no difference between deep hypothermic circulatory arrest and ACP (14/18 [78%] versus 13/18 [72%]; P=0.66). Most injury both before and after surgery was white matter injury, but specifically after ACP we observed infarctions in the thalamic and basal ganglia regions in 6 of 18 neonates (33%). We hypothesize that this is attributable to the advancement of microparticles or air emboli during selective perfusion of the right brachiocephalic artery, as is performed during ACP. Furthermore, the high incidence of postoperative white matter injury (seen in 22/36 [61%] of the cohort) was further investigated, and lower Pco 2 was identified as a risk factor for white matter injury. In conclusion, in this study, we were unable to demonstrate a difference in incidence of perioperative cerebral injury after ACP compared with deep hypothermic circulatory arrest. Furthermore, because more focal infarctions were noted in the infants with ACP, this technique may be more harmful.
